Ten Cryptococcus strains were screened for phytase activity, of which the Cryptococcus laurentii ABO 510 strain showed the highest level of activity. The cell wallassociated enzyme displayed temperature and pH optima of 62 1C and 5.0, respectively. The enzyme was thermostable at 70 1C, with a loss of 40% of its original activity after 3 h. The enzyme was active on a broad range of substrates, including ATP, D-glucose 6-phosphate, D-fructose 1,6-diphosphate and p-nitrophenyl phosphate (p-NPP), but its preferred substrate was phytic acid (K m of 21 mM). The enzyme activity was completely inhibited by 0.5 mM inorganic phosphate or 5 mM phytic acid, and moderately inhibited in the presence of Hg 21 , Zn
Introduction
Approximately 60-90% of phosphorus from feedstuff of plant origin (cereal grains, oilseeds and legumes) is present in the form of phytic acid or phytate (Liu et al., 1998; Pandey et al., 2001) . Phytate, the salt form of phytic acid, cannot be digested by monogastric animals such as poultry, pigs and fish, as these animals lack the required gastrointestinal tract enzyme(s) for the dephosphorylation of the phytate complex (Maenz, 2001; Pandey et al., 2001) . Phytic acid is also considered to be an antinutritional factor, as it is capable of chelating multivalent cations, rendering these minerals biologically unavailable to the animal. Phytase (myoinositol hexakisphosphate phosphohydrolase) belongs to the family of histidine acid phosphatases, and is effective in the hydrolysis of phytate to produce myoinositol and inorganic phosphate (Wodzinski & Ullah, 1996; Pandey et al., 2001) . Some phytases are not capable of hydrolyzing phytate completely and may need alternative or additional enzymes to accelerate the process, including acid phosphatases, which also belong to the family of histidine acid phosphatases. Although acid phosphatase is not capable of hydrolyzing phytate, it assists the phytase in accelerating the release of the phosphate from lower myoinositol phosphate structures.
To meet the dietary requirements of monogastric animals, producers are required to add expensive supplementary phosphorus to the feedstuff (Wodzinski & Ullah, 1996; Liu et al., 1998; Mullaney et al., 2000) . The application of phytate-hydrolyzing enzymes in the poultry and swine industry was considered as an alternative, and various reports indicated that phytase was a successful substitute for the supplementation of inorganic phosphorus. Pretreatment of animal feed with phytase also decreased the phosphorus pollution caused by animal manure by up to 50% and was advantageous to the animal by increasing phosphorus and mineral uptake.
The high cost and poor thermal and pH stability of current commercially available enzymes hamper the application and efficacy of phytases. Investigations into alternative phytases have indicated that the enzyme is produced by plants, some animal tissues, and various microorganisms (Ullah & Gibson, 1987; Van der Kaay & van Haastert, 1995; Wodzinski & Ullah, 1996; Wyss et al., 1999) . Phytase activity is broadly distributed among fungi, in particular filamentous soil fungi such as Aspergillus spp. However, phytase activity has also been found in yeasts such as Pichia spartinae, Pichia anomala, Saccharomyces cerevisiae and Rhodotorula gracilis (Bindu et al., 1998; Nakamura et al., 2000; Vohra & Satyanarayana, 2001) .
As monogastric animals are unable to digest the phytate in poultry feed, their manure often contains high concentrations of phytate that contaminate the surrounding soil (Cromwell et al., 1995) . Yeast species that have been previously isolated from soil near feral pigeons include Debaryomyces hansenii var. hansenii, Cry. laurentii, Cry. uniguttulatus and Cry. neoformans var. neoformans (Mahmoud, 1999; Mattsson et al., 1999) , suggesting that these organisms might be able to degrade the phytate associated with bird droppings.
The genus Cryptococcus contains anamorphic basidiomycetous, encapsulated yeasts occurring in a wide variety of habitats, ranging from soil and vegetation to animal habitats (Fell & Statzell-Tallman, 1998) , including the trachea of chickens (Laubscher et al., 2000) . Not surprisingly, a wide range of enzymes enabling the cryptococci to survive in these habitats has been discovered. Some of these enzymes are of economic importance, e.g. laccases produced by Cry. laurentii and Cry. albidus, a-amylase and acid xylanase produced by Cryptococcus sp. S-2, and b-xylosidase produced by Cry. podzolicus (Iefuji et al., 1996a b; Ikeda et al., 2002; Shubakov, 2002) . Recently, enantioselective epoxide hydrolases have also been identified in Cry. laurentii and Cry. podzolicus (Botes et al., 2005) . Both these species are autochthonous soil yeasts (Fell & Statzell-Tallman, 1998) , and as soil is known to harbor significant quantities of phytate (Dala, 1978) , this finding raised the question of possible phytase activity associated with one of these species.
The aim of this study was therefore to screen for phytase production among selected Cry. laurentii and Cry. podzolicus strains previously isolated from soil samples (Botes et al., 2005) and to evaluate its potential for industrial application. A novel cell wall-associated phytase from the yeast Cry. laurentii ABO 510 was identified and characterized, and is the first description of a phytase from cryptococci. The phytase is active in an acidic pH range, is relatively thermostable, and has a broad substrate specificity and high affinity for phytate. The enzyme may therefore be considered for application as an animal feed additive to assist in the hydrolysis of phytate associated with plant feedstuff.
Materials and methods

Strains and chemicals
Phytic acid (dodecasodium salt) and p-NPP were obtained from Sigma Chemical Co. (St Louis, MO). All other chemicals were of standard or analytical grade unless otherwise specified.
Ten Cryptococcus strains, namely Cry. laurentii strains ABO 510, 1a, 3m, 1e, 1g and 1h, and Cry. podzolicus strains 2e, 1c, 2b and 2g, previously isolated and described by Botes et al. (2005) , were selected for this study. The cultures were maintained by periodic transfer to Difco Bacto malt extract agar plates and storage at 4 1C.
Culture conditions
Different liquid media were used to evaluate phytate production, including phytase screening medium (PSM)
Bacto agar, pH 5.5) (Gargova et al., 1997) , PSM containing sodium phytate instead of calcium phytate, or PSM without any phytate. Cultivation was performed in 250-mL Erlenmeyer flasks containing 50 mL of PSM broth inoculated with 1 Â 10 7 cells mL À1 and incubated at 30 1C on an orbital shaker (100 r.p.m.). Two-milliliter samples were taken daily and centrifuged at 5000 g for 10 min. The supernatant was removed and filtered through a 0.22-mm-syringe filter, and the crude filtrate was used to determine extracellular phytase activity. The pellet was washed three times with distilled water, and the wet cells were weighed and used to determine cell-associated phytase activity. Growth optimization was done in glucose/yeast extract
potato dextrose broth, malt extract and molasses medium (Bindu et al., 1998) . The effect of different carbon sources on phytase activity was evaluated in modified PSM broth (without phytate) supplemented with 10 g L À1 glucose, maltose, fructose or sucrose (Gautam et al., 2002) .
Screening for phytase production
The Cryptococcus strains were plated onto PSM agar and incubated at 30 1C for 2-7 days, depending on colony growth and development of zones. This was followed by a two-step counterstaining procedure with cobalt chloride solution, ammonium molybdate and ammonium vanadate, which eliminate false-positive results caused by acid production (Bae et al., 1999) .
Liquid enzyme assays
Phytase activity was evaluated by quantifying the release of inorganic phosphorus from phytic acid using a colorimetric method described by Heinonen & Lahti (1981) with some modifications. Weighed wet cells were incubated at 62 1C with 10 mM sodium phytate and 50 mM sodium acetate buffer (pH 5) in a total volume of 1 mL (Ullah & Gibson, 1987) for varying time intervals (1, 2, 5, 10, 15 and 20 min) with detection of phosphomolybdate at 355 nm with a Spectronics (Genesis 5) spectrophotometer. One international unit (IU) of phytase activity was defined as 1 mmoles of inorganic orthophosphate liberated per minute per milliliter or per gram of wet cells (IU mL À1 or IU g À1 wet cells).
Acid phosphatase activity in Cry. laurentii ABO 510 was measured similarly, with sodium phytate substrate being replaced by 10 mM p-NPP and the activity being determined at pH 2.5 and pH 4.5 at 82 1C (Ullah & Cummins, 1998) . Acid phosphatase activity was defined as 1 mmoles of p-NPP released per minute per milliliter or per gram of wet cells (IU mL À1 or IU g À1 wet cells). The total protein concentration of the cell suspension was measured using the Bio-Rad protein assay (Bio-Rad Laboratories, München, Germany) with bovine serum albumin as standard.
Subcellular localization of the phytase enzyme
The Cry. laurentii ABO 510 strain was grown for 72 h in glucose/yeast extract medium, harvested by centrifugation at 5000 g for 5 min, and washed twice with 1 mL of 50 mM sodium acetate buffer (pH 5.0). The supernatant was used to determine the extracellular phytase activity after cells were subjected to chemical or physical permeabilization. Chemical permeabilization was performed on 50 mg of wet cells suspended in 1 mL of 50 mM sodium acetate buffer (pH 5.0) for 2 h at room temperature in the presence of 1% or 10% (v/v) Triton X-100, 0.1% or 1% (v/v) Tween-80, 0.1% or 1% (w/v) sodium dodecyl sulfate (SDS), 1% or 10% (w/v) EDTA, 50% (v/v) ethanol or 0.85% (w/v) NaCl as permeabilization agent. Physical permeabilization was achieved by freeze-thawing for up to 20 cycles (Bindu et al., 1998) . The cells were washed twice, resuspended in 50 mM sodium acetate buffer, and assayed for phytase activity. Homogenization of 50 mg of wet cells, suspended in 500 mL of sodium acetate buffer with 1% Tween-80, was performed by vortexing for 5 min with 300 mg of glass beads (212-300 mm) in a 2-mL microcentrifuge tube (Bindu et al., 1998) . The homogenate was then centrifuged at 4 1C for 5 min at 5000 g, and the supernatant used for the enzyme assays.
Catalytic properties
The substrate specificity of the phytase was determined by replacing the phytic acid substrate (10 mM sodium phytate) in the assay mixture with 10 mM ATP, 4-NPP, D-glucose 6-phosphate, a-D-glucose 1-phosphate, disodium phenyl phosphate dihydrate, p-NPP (Tris) 2 -salt or D-fructose 1,6-diphosphate (Vohra & Satyanarayana, 2002) . Substrate affinity was determined using 0.001-2.0 mM of the respective substrates in 50 mM sodium acetate buffer (pH 5.0) with reaction times of up to 30 min (Wyss et al., 1999) .
The pH optima of the phytase and acid phosphatase activities were investigated at 52 1C using a pH range of 2.0-9.0 with 50 mM glycine-HCl (pH 2.0-3.0), 50 mM sodium acetate (pH 3.0-5.0), 50 mM 2-(N-morpholino)-ethanesulfonic acid (pH 5.0-7.0) or 50 mM Tris-HCl (pH 7.0-9.0). The addition of the cell suspension did not affect the pH values significantly (Wyss et al., 1999) .
The optimum temperatures for phytase and acid phosphatase activities were investigated at 241-90 1C at pH 5.0 for 5 min after the assay mixtures and enzyme extracts were equilibrated for 6 min at each temperature. The thermal stability of the enzyme was determined by exposing the crude enzyme extract to temperatures between 4 1C and 90 1C for 2-180 min. The enzyme extract was cooled to room temperature, and the residual activity was assayed at 62 1C and expressed as a percentage of the phytase activity of an untreated sample. Poly(ethylene glycol) (PEG) 6000, CaCl 2 Á 2H 2 O, glycerol, sorbitol and mannitol were evaluated at 1% and 5% (w/v) for their ability to stabilize the enzyme at 701, 801 and 90 1C (Vohra & Satyanarayana, 2002) .
Inhibition of phytase activity
The effect of inorganic phosphate on the Cry. laurentii ABO 510 phytase activity was determined using final concentrations of 0.005-10 mM KH 2 PO 4 in the reaction mixture (Vohra & Satyanarayana, 2002 
Results and Discussion
Phytase production by Cryptococcus strains Ten Cryptococcus strains previously isolated from soil in the Western Cape region, South Africa (Botes et al., 2005) were screened for phytase activity. The six Cry. laurentii and four Cry. podzolicus strains all grew on the PSM agar plates, and clear zones appeared on the differential plates. The counterstaining method was used to eliminate false-positive results due to acid production via the acid phosphatase, and only Cry. laurentii ABO 510 was found to produce clear zones on the plates (data not shown). Different carbon sources were tested for optimal phytase production by Cry. laurentii ABO 510, and, in general, the phytase activity followed biomass production (Fig. 1) , and the maximum activity coincided with the depletion of glucose and the culture entering stationary phase. PSM (without phytate) containing 1% (w/v) glucose gave the highest phytase activity with 4.55 IU g À1 wet cells after 72 h. The Cry. laurentii ABO 510 phytase activity of 4.55 IU g À1 cells compares well with phytase activities reported for filamentous fungi, yeasts and bacteria, specifically Aspergillus ficuum (6.62 IU mL À1 ), R.
gracilis (0.77 IU g À1 cells) and Bacillus subtilis (0.11 IU mL À1 ) (Shieh & Ware, 1968; Shimizu, 1992; Bindu et al., 1998) , although it should be noted that these assays were not all performed under similar conditions (e.g. different assay temperatures were used).
Permeabilization and localization of Cry. laurentii ABO 510 phytase
The phytase activity in Cry. laurentii ABO 510 was associated with the whole cells (4.55 IU g À1 wet cells), with no phytase activity being found in the cell-free extract after permeabilization or treatment with ionic and detergent solutions. Only homogenization increased the phytase activity in the cell-free extract (0.55 IU g À1 wet cells), suggesting that the phytase of Cry. laurentii ABO 510 was cell wallassociated. Cell wall-associated phytases were also reported for Escherichia coli, R. gracilis and Candida krusei (Bindu et al., 1998; D'Silva et al., 2000; Quan et al., 2001) .
Substrate specificity and catalytic properties of Cry. laurentii ABO 510 phytase
The phytase from Cry. laurentii ABO 510 exhibited broad substrate specificity, as it reacted with all phosphate-containing substrates tested (Table 1) , but the preferred substrate was sodium phytate, with a K m value of 0.021 mM, which correlates well with the reported values for phytases from other fungi, e.g. 0.03 mM for Can. krusei WZ-001 and 0.027 mM for A. ficuum (Ullah & Gibson, 1987; Quan et al., 2001) . The phytase was active between pH 2.5 and pH 7.5 and at temperatures between 24 1C and 80 1C, with optima at pH 5.0 and 62 1C (Fig. 2) . These values are comparable with those of other yeast phytases, with optima between pH 4.0 and pH 5.0 and above 60 1C (Sano et al., 1999; Nakamura et al., 2000; Vohra & Satyanarayana, 2002) . The phytase was shown to be thermostable for 3 h when exposed to temperatures between 4 1C and 70 1C (Fig. 3) . Approximately 40% of the original activity was lost after exposure to 70 1C for 180 min, with no residual activity being seen after exposure to 80 1C for 60 min or 90 1C for 5 min. The addition of different concentrations of PEG, glycerol, sorbitol or mannitol to the reaction assay mixture did not significantly stabilize the phytase activity during exposure to temperatures above 70 1C (data not shown).
Regulation of phytase activity in Cry. laurentii ABO 510 A sharp decrease in phytase activity was observed with the addition of 0.1 mM phosphorus to the reaction assay Fig. 1 . Evaluation of the interaction between glucose concentration (m), biomass () and phytase (') activity in Cryptococcus laurentii ABO 510 grown in PSM (without phytate) (error bars indicate SD of three repeats). The values are the mean and SDs of three repeats. mixture, with no phytase activity being observed at 0.5 mM KH 2 PO 4 (Fig. 4) . The cations Li 1 , Na , Ca 21 and Ag 1 was concentrationdependent, ranging from 2% to 30% inhibition at 1 mM, and from 20% to 60% inhibition at 5 mM.
The inhibitory effect of mineral ions on phytase activity might be ascribed to the strong chelating ability of phytate, which results in an insoluble metal-phytate structure and thus effectively reduces the availability of phytate for the enzyme (Wang et al., 1980) . Depending on the pH of the solution and the concentration of metal cations, phytate can exist in a metal-free form or in a metal-phytate complex. At an acidic pH, protonation of the phosphate groups will generate the metal-free form, while metal-phytate com- . At pH 5.0, the metal ion inhibition of the Cry. laurentii ABO 510 phytase was similar to that observed with P. anomala (5 mM Fe 31 reduced phytase activity by 90%) and Schwanniomyces castellii (5 mM Zn 21 and Cu 21 strongly inhibited the reaction) (Segueilha et al., 1992; Vohra & Satyanarayana, 2002) .
Phosphorus is vital for the growth of all life forms, and is a fundamental component of nucleic acids, ATP and several other biological compounds. Oilseeds and cereal grains, two major constituents of the diet of animals, contain phytic acid, which is the main storage form of phosphorus in plant cells. Monogastric animals, such as poultry and pigs, are not capable of utilizing the bound phosphorus in phytic acid, because they do not produce phytase, the essential hydrolyzing enzyme. Microbial phytase is therefore added to the animal feed to enhance the availability of phosphorus and thus minimize phosphorus pollution and phosphorus supplementation in diets. To be considered for industrial applications, a phytase must be active over a broad pH range, especially under strongly acidic conditions, to survive the gastrointestinal tract of monogastric animals (Maenz, 2001) . Furthermore, these enzymes must be active and stable at high and low temperatures to survive thermal feed-processing and storage.
To our knowledge, this study represents the first report of a Cryptococcus strain exhibiting phytase activity. It displays conditions, shows good thermostability, has a broad substrate specificity and high affinity for phytate, and does not require metal ions for activity, thus fulfilling the main criteria for a commercially applicable phytase. However, the cell-bound localization of the enzyme may be a disadvantage for its commercial production when compared with the extracellular phytases of other species. Recombinant expression to ensure the secretion of the Cry. laurentii ABO 510 phytase may assist in addressing this shortcoming.
